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SUMMARY 
A t heo re t i ca l  inves t iga t ion  by Smelt i n  1945 indicated t h a t  t he  use of a i r  
a t  cryogenic temperatures would permit l a rge  reductions of wind-tunnel s i z e  and 
power requirements i n  comparison with a wind tunnel  operated at  normal tempera- 
t u re  and a t  t h e  same pressure,  Mach number, and Reynolds number. Lack of s u i t -  
able  cooling techniques and su i t ab l e  s t r u c t u r a l  mater ia l s  precluded appl ica t ion  
of t h i s  cryogenic wind-tunnel concept a t  t h e  time of Smelt 's  work. Because of  
t he  recent advances i n  cryogenic engineering and s t r u c t u r a l  s a t e r i a l s  and t h e  
current i n t e r e s t ,  both i n  t h i s  country and i n  Europe, i n  t h e  development of 
high Reynolds number t ransonic tunnels ,  a program has been i n i t i a t e d  r ecen t ly  
a t  t h e  NASA La.-gley Research Center t o  extend t h e  analyses of Smelt and t o  study 
the  f e a s i b i l i t y  of t he  cryogenic wind-tunnel concept. 
Following the completion of a low-speed cryogenic tunnel  experiment i n  t h e  
smmer of 1972 it was decided t o  ex5end t h e  experimental work t o  t ransonic  
speeds. Design of a t ransonic tunnel  began i n  December of 1972 with i n i t i a l  
operation i n  September of 1973. 
Experience with t h e  f an-driven t~ ansonic cryogenic tunnel  i nd ica t e s  t h a t  
such 11 tunrwl prenento no unusual des ign d i f f i c u l t i e s  and is s imple  t o  opera te .  
I n  t lddi t ion,  purging,  cooldown, and warmup times have been found t o  be accept-  
a b l e  and can be p red ic ted  w i t h  good accuracy.  Experience over  a wide range of 1 
opera t ing  cond i t ions  i n d i c a t e s  t h a t  coo l ing  wi th  l i q u i d  n i t r o g e n  i s  p r a c t i c a l  a t  
t h e  power l e v e l s  requ i red  f o r  t r a n s o n i c  t e s t i n g  ~ n d  t h a t  good temperature  die-  
t r i b u t i o n s  a r e  obta ined by us ing  a simple n i t rogen  i n j e c t i o n  system. 
INTRODUCTION 
A t h e o r e t i c a l  inves t iga t ion  by Smelt i n  reference 1 i n  1945 indicated t h a t  
t he  use of a i r  a t  temperatures i n  t h e  cryogenic range, t h a t  is ,  below about 172 K 
(-150°F'), would perm4.t l a rge  reductions of wind-tunnel s i z e  and power require-  
ments i n  comparison with a wind tunnel  operated a t  normal temperature and a t  t h e  
same pressure,  Mach number, and Reynolds number. The le.ck of a p r a c t i c a l  means 
of cooling a wind-tunnel t o  cryogenic temperatures and the  unavai lab i l i ty  of 
su i t ab l e  s t r u c t u r a l  mater ia l s  precluded appl ica t ion  of t h i s  cryogenic wind- 
tunnel concept a t  t h e  time of Smelt 's  work. 
The f i r s t  p r a c t i c a l  appl ica t ion  of t h e  cryogenic concept was a low 
temperature t e s t  r i g  f o r  cent r i fuga l  compressors a s  reported by Rush i n  reference 
2. The t e s t  r i g  consisted of a s ingle-s tage compressor pumping a i r  through a 
clo?ed c i r c u i t  containing an a i r - l i qu id  ni t rogen heat exchanger which cooled t h e  
a i r  t o  about 125 K .  By operating a t  very low temperatures, dynamic s i m i l a r i t y  
was achieved with a subs t an t i a l  reduction i n  both ro t a t iona l  speed and t h e  power 
required t o  dr ive  t h e  compressor. In  t h i s  appl ica t ion  of t h e  cryogenic concept, 
t h e  main i n t e r e s t  was i n  t h e  reduction of r o t a t i o n a l  speed and t h e  attendant. r e -  
duction in  impeller loading which allowed development t e s t s  t o  be conducted with 
impellers of e ~ s i l y  machined mater ia l s .  
I n  t he  autumn of 1971, while studying ways of increasing t e s t  Reynolds 
number of t h e  small tunnels  f o r  which magnetic suspension and ba:ance systems 
had been developed, it was decided t o  inves t iga te  t h e  use of cryogenic t e s t  
temperatures. Theoret ical ly ,  such an approach is idea l ly  su i t ed  f o r  t h i s  appli-  
ca t ion  s ince fo r  a given s i z e  tunnel  operating a t  constant s tagnat ion pressure 
there  i s  rea l ized  a la rge  increase i n  Reynolds number with no increase i n  
dynamic pressure or  model loads. Further study quickly indicated t h a t  t h e  
3 
~dvances which have been made in recent years in the field of cryogenic engi- 
neering and structural materials have been such that a cryogenic wind-tunnel 
appears p18actical and should be given serious consideration. , 
Following a theoretical investigation started in Octobsr 1971 and aimed at 
extending the analysis of Smelt, an experimental program was initiated with the 
obdective of verifying some of the theoretical predictions and to expose and 
solve the practical problems of using a cryogenic wind-tunnel. The experimental 
program consisted of building and operating two fan-driven cryogenic wind- 
tunnels, both of which were cooled to cryogenic temperatures by injecting liquid 
nitrogen (LN ) directly into the tunnel circuit. The first was a low-speed 2 
atmospheric tunnel. The results of the theoretical investigation and the low- 
speed study have been reported in references 3 and 4.  
Following the completion of the low-speed cryogenic turnel experiment In 
the summer of 1972, it became apparent that the concept was a serious contender 
for the new high Reynolds number transonic tunnels being contemplated both in t 
the U.S. and Europe and it was decided to extend the experimental work to 
transonic speeds. After some deliberation on how best to proceed, it was de- 
cided that a continuous-flow fan-driven pressure tunnel would provide the most 
flexible tool for the exploration of this application of cryogenic principles. 
The purpose of the transonic cryogenic pressure tunnel is to demonstrate in 
compressible flow that cryogenic gaseous nitrogen is a valid transonic test gas; 
to demonstrate at high power levels the method of cooling; to determine any 
limitations imposed by liquefaction of the test gas; to verify engineering 
concepts with a realistic tunnel configuration; and to provide ~perational 
experience. Design of the transonic tunnel began in December of 1972 with 
initial operation in September of 1973. 
A brief description of the Langley Pilot Transonic Cryogenic Tunnel and 
ticme of' the prel irninary experimental results have been published in references 5 
&nd C .  The purpose of this paper is to deecribe in more detail the deeiqn and 
operational characteristics of the tunnel and ancillary equipment and to present 
the results of preliminary calibration teats. 
SYMBOLS 
A test-section area, m 
L sound pressure level, dB (reference 20 pN/mz)  
P 
M Mach number 
3 2 
P pressure, atm (1 atm = 101.3x10 k ~ / m  )
9 free-stream dynamic pressure, N/m 
R Reynolds number 
I T temperature, K (K = OC + 273.15) 
V free-stream velocity, m/s 
11 tunnel power factor 
U standard deviation 
Subscripts: 
t stagnation conditions 
L local conditions 
Q) free-stream conditions 
DESCHI1"I'ION OF THE TRANSONIC TUN14EL AND ANCILIARY EQUIPMENT 
The Langley T i l o t  Transonic Cryogenic Tunnel has been cons t ruc ted  a t  t h e  NASA 
Langley Research Center and i s  a s ing le - re tu rn  fan-driven tunne l  wi th  a  s l o t t e d  
octagonal  t e s t  s e c t i o n  34.3 cm (13.5 i n .  ) a c r o s s  f l a t s .  The tunne l  can b e  o p  
e r a t e d  a t  Mach numbers from near 0.05 t o  about 1 . 3  a t  s t a g n a t i o n  p r e s s u r e s  from 
s l i g h t l y  g r e a t e r  than  1 atmosphere t o  5 atmospheres over a  temperature range 
from 340 K t o  about 77 K (152' F t o  about -320' F). The ranges  of p ressure  and 
temperature  provide t h e  oppor tun i ty  o f  i n v e s t i g a t i n g  Reynolds number e f f e c t s  by 
t e n p e r a t u r e  and p ressure  independently over  almost a  5 t o  1 range of Reynolds 
number. 
A ske tch  of t h e  tunne l  c i r c u i t  i s  shown i n  f i g u r e  1 and a  photograph of t h e  
tu- el taken dur ing assembly i s  shown i n  f i g u r e  2.  Some d e t a i l s  o f  t h e  mechan- 
i c a l  a s p e c t s  of t h e  p l l o t  cryogenic t u n n e l  have been repor ted  i n  r e f e r e n c e  7. 
A more d e t a i l e d  d e s c r i p t i o n  of t h e  t u n n e l  i s  given i n  t h e  s e c t i o n s  which follow. 
Mate r ia l s  of Construct ion 
The tunnel p ressure  s h e l l  i s  const ructed of 0.635 rind 1.270 cm (0.25 and 
0.50 i n .  ) t h i c k  p l a t e s  of 6061-T6 aluminum a l l o y .  The f l a n g e s  used t o  j o i n  t h e  
va r ious  s e c t i o n s  of t h e  tunnel were machined from p l a t e s  of t h i s  same mattbrial. 
The b o l t s  f o r  t h e  f l anges  a r e  made from 2024-~4  aluminum a l l o y .  These partic- 
u l a r  aluminum a l l o y s  were s e l e c t e d  because they  have good mechanical charac te r -  
i s t i c s  a t  cryogenic a s  w e l l  as ambient temperatures  and could e a s i l y  be  f a b r i -  
c a t e ?  using equipment and techniques  a v a i l a b l e  a t  Langley. 
The f l ange  j o i n t s ,  depending upon s i z e ,  a r e  sea led  wi th  e i t h e r  a  f l a t  
gasket  o r  a  t e f l o n  coated hollow metal  "off-ring.  Several  d i f f e r e n t  t y p e s  of 
o e a l ~  were t e s t ed  a t  presoure under both atnbient and cryogenic conditions t o  
determine t h e i r  s u i t a b i i i t y  fo r  use with t h e  cryogenic tunnel.  Because of i t 8  
r eusab i l i t y ,  t h e  f l a t  gasket s e a l ,  made from a mixture of t e f l o n  r e s i n  and 
pulverized g l a s s  f i b e r ,  ws se lec ted  as  t h e  bes t  s e a l  overa l l .  However, zince 
gasket mater ial  was not ava i lab le  i n  widths s u f f i c i e n t  t o  make gasket6 f o r  t h e  
l a r g e s t  f langes,  a t e f lon  coated hollow "0"-ring of 321 s t a i n l e s s  s t e e l  i s  used 
a t  each of t h e  th ree  l a rges t  f langes.  Subsequent experience has shown t h a t  
completely s a t i s f ac to ry  l a rge  gaskets  can be made "rom r e l a t i v e l y  small pieces 
of the  f l a t  gasket mater ial  i f '  they a r e  joined with doveta i l  j o in t s .  Sketches 
of t y p i c a l  flange jo in t s  a r e  shown i n  f igure  3.  
Tunnel Support System 
The tunnel  supports shown i n  f i gu re  1 a r e  constructed i n  two pa r t s .  The 
upper port ion of each support,  which might be cooled t o  very low temperatures, 
i s  made from 347 s t a i n l e s s  s t e e l .  The lower port ion,  which i s  never subjected 
t o  low temperatures, i s  made of A-36 carbon s t e e l .  
The 3200 kg (7050 lbm) tunnel  i s  mounted on t h e  four "A"-frame support 
stands shown i n  figure 1, one of  which i s  a "tunnel anchor" support designed so 
t h a t  t h e  center  of t h e  fan  hub keeps a f ixed pos i t ion  r e l a t i v e  t o  the  dr ive  
motor. Thermal expansion and contract ion of t h e  tunnel r e s u l t s  i n  R chanw i n  
ove ra l l  tunnel  length of about 4.0 cm (1.57 in .  ) between extrt.., 'es i n  operat ing 
temperature. Sl iding pads a t  e w k  o f  t h e  tunnel support attachments allow f r e e  
thern.al expansion o r  contract ion of t h e  tunnel  s t ruc tu re .  The s l i d i n g  surfaces 
cons is t  of 2.54 cm (1 i n . )  t h i ck  t e f l o n  shee ts  placed between t h e  support 
attachments on t h e  tunnel  and the  s t a i n l e s s  s t e e l  blocks mounted on t h e  upper 
, .  
por t ion  o f  t h e  crirbon s t e e l  "A1'-frame s tands .  V e r t i c a l  and l a t e r a l  movement a t  
each j o i n t  is cons t ra ined  by b o l t s  pass ing through t h e  t u n n e l  suppor t  at tachment 
and t h e  t e f l o n  shee t  i n t o  t h e  "Att-frame. The t u n n e l  suppor t  at tachments arp 
s l o t t e d  i n  t h e  l o n g i t u d i n a l  d i r e c t i o n  t o  a l low f r e e  l o n g i t u d i n a l  expansion o r  
c o n t r a c t i o n  of t h e  tunne l .  A ske tch  of t h e  t u n n e l  anchor support  i s  shown i n  
f i g u r e  4 .  
The o b j e c t  of t h e  anchor support  i s  t o  hold t h e  c e n t e r l i n e  of t h e  t u n n e l  
a t  t h i s  support  i n  a  f i x e d  p o s i t i o n  r e l a t i v e  t o  t h e  ground i n  t h e  presence of 
r e l a t i v e l y  l a r g e  amounts of thermal  expansion. The unders ides  of a l l  of t h e  
tunnel  support  a t tachments ,  inc lud ing  t h o s e  a t  t h e  anchor p o i n t ,  a r e  on t h e  
h o r i z o n t a l  p lane through t h e  a x i s  of t h e  r e t u r n  l e g  of t h e  tunne l .  With sym- 
m e t r i c a l  expansion, t h e  t u n n e l  c e n t e r l i n e  i s  held  a t  a f i x e d  he igh t  above t h e  
ground. A f o r k  on t h e  t u n n e l  unders ide  a t  t h e  anchor p o i n t ,  shown on f i g u r e  4, 
a d d i t i o n a l l y  prevents  l a t e r a l  o r  a x i a l  movement o f  t h e  t u n n e l  a t  t h i s  s t a t i o n .  
I n  t h i s  way t h e  a x i s  a t  t h e  anchor p o i n t  i b  f i x e d  r e l a t i v e  t o  t h e  ground and 
t h e  t u n n e l  expands and c o n t r a c t s  symmetrically about t h i s  p o i n t  on t h e  a x i s .  
Since  t h e  fan  and t u n n e l  a r e  both  manufactured from a lwinum,  thermal expansion 
does not m a t e r i a l l y  a f f e c t  t h e  t i p  c l e s ~ a n c e  of t h e  f a n  o r  genera te  any m i s -  
alignment between t h e  a x i s  of t h e  f a n  and t h e  e x t e r n a l l y  mounted d r i v e  motor. 
This  support  scheme has  proved t o  be e n t i r e l y  adequate and no problems have 
been encountered.  
Thermal I n s u l a t i o n  
Thermal i n s u l a t i o n  f o r  most of t h e  t u n n e l  c i r c u i t  c o n s i s t s  o f  12.7 cm ( 5  
i n . )  of blown urethane foam app l ied  t o  t h e  o u t s i d e  of t h e  t u n n e l  s t r u c t u r e  wi th  
a g l a s s  f i b e r  re in forced  p o l y e s t e r  vapor b a r r i e r  on t h e  o u t s i d e .  A ske tch  
showing a  t y p i c a l  s e c t i o n  of t h e  thermal  i n s u l a t i o n  and t h e  method used t o  in- 
I s u l a t e  t h e  f l anges  i s  presented i n  f i g u r e  5 .  A s  can be  seen i n  f i g u r e  5 ,  t h e  
ure thane foam i s  no t  bonded d i r e c t l y  t o  t h e  aluminum tume7 .  . 'wt r a t h e r  i s  
separated from t h e  wal l  by a  shear  l a y e r  consist:ng of t w  l a y e r s  \ ' r ' iberglase  
c l o t h .  This  a l lows t h e  d i f f e r e n t i a l  expansion between t h e  sluminurn a.ld u re thane  
foam t o  t a k e  p lace  without causing t h e  foam t o  f r a c t u r e .  I n  a d d i t i o n ,  t h e  in- 
s u l a t i o n  i s  appl ied i n  two l a y e r s  separa ted  by a l a y e r  of f i b e r g l a a s  c l o t h .  
Again, t h e  purpose of t h e  f iber ,g lass  cnear l a y e r  wi th in  t h e  i n s u l a t i o n  i s  t o  
al low d i f f e r e n t i a l  expansion t o  t a k e  p l a c e  v i t h i n  t h e  u re thane  foem i n s u l a t i o n  
i t s e l f  without f r a c t u r e .  This  i n s u l a t i o n  has proved adequate and keeps t h e  
o u t s i d e  o f  t h e  t u n n e l  warm and d r y  under a l l  o p e r a t i n g  cond i t ions  even dur ing 
per iods  of high humidity. 
Viewing and Light ing P o r t s  
Seven p o r t s  a r e  prcvided t o  a l low i l l u m i n a t i o n  and v i s u a l  inspec t ion  of t h e  
i n t e r i o r  of t h e  tunne l  i n  t h e  plenum and t e s t - s e c t i o n  a r e a s  and t h e  n i t rogen  
i n j e c t i o n  reg ions .  A ske tch  of one of t h e  p o r t s  showing d e t a i l s  of c o n s t r u c t i o n  
i s  shown i n  f i g u r e  6. Each o f  t h e  p o r t s  c o n s i s t s  of a 3.56 cm ( 1 . 4  ' n .  ) d i m -  
e t e r  gl-ass window which i s  designed t o  t a k e  t h e  maximum d i f f e r e n t i a l  p resaure  
of I+ atmospheres a t  cryogenic temperatures .  To provide p r o t e c t i o n  a g a i n s t  pos- 
s i b l e  window f a i l u r e  and t o  p rcv ide  thermal i n s u l a t i o n ,  two 0.953 cm (0.375 i n a s  ) 
t h i c k  s h e e t s  o f  c l e a r  polycarbonate r e s i n  p l a s t i c ,  separa ted  by a i r  gaps ,  a r e  
f i t t e d  secure ly  over each g l a s s  window. Should t h e s e  s h e e t s  of p l a s t i c  a l s o  
fail f'ollowing f a i l u r e  of t h e  g l a s s  window, a d d i t i o n a l  p r o t e c t i o n  i s  provided 
by n t h i r d  ~ h e e t  of p l a s t i c  f i t t e 6  ao a  b l a s t  e h i e l d  t o  s t andof f  suppor t s  on 
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t h e  por t  ~ s a e m b l y  such t h a t  t h e  e h i e l d  i e  not aubjecced t o  t h e  tunne l  p ressure .  
The tunnel  is capable  of opera t ing  i n d e f i n i t e 1 . j  at, cryogenic t e m ~ a r a t u r e s  and 
t h e r e f o r e  it i s  necessary  t o  purge wi th  ambient temperature  d r y  n i t rogen  between 
t h e  l a y e r s  of p l a s t i c  i n  o rder  t o  prevent  dew o r  f r o s t  from forming on t h e  o u t e r  
su r face .  
It should be noted t h a t  t h e r e  i e  nc Zundamental reason f o r  us ing such smal l  
diameter p o r t s .  The small s i z e  of t h e  p resen t  p o r t s  wae chosen t o  l i m i t  t o  a 
harmless l e v e l  t h e  p ressure  r i s e  which would occur '7 t h e  bu i ld ing  'ahich houses 
t h e  tunne l  i n  t h e  event of f a i l u r e  of a g l a s s  window with  t h e  tunne l  opera t ing  
a t  a maximum p r e s s u r e  and minimum temperature.  
I n i t i a l l y ,  t h e  i n s i d e  of t h e  t u n n e l  was i l lumina ied  by d i r e c t i n g  t n e  cu l -  
l imated output  of t h r e e  smal l  incendeecent lamps i n t o  t h e  t u n n e l  through t h r e e  
of t h e  p o r t s .  With t h i s  s l s t em,  a l a y e r  of 0.635 cm (Cl.25 i n .  ) t h i c k  heat-  
absorbing g l a s s  was placed between t h e  l i g h t  soarce  and t h e  p o r t  t o  prevent  
any d i f f e r e n t i a l  hea t ing  of t h e  g l a s s  window. Recently,  however, a simple y e t  
very  e f f e c t i v e  l i g h t  source  has been placed i n s i d e  t h e  plenum f v  ?r which 
proviaes  i l lumina t ion  f o r  both t h e  t e s t  s e c t i o n  and plenum r . The new 
l i g h t  source c o n s i s t s  of two 12-volt  automobile s t o p - l i g h t  b~ 3 mounted i n  an 
evacuated p l a s t i c  box which i n  t u r n  i s  fas tened  t o  one of t h e  t e s t - s e c t i o n  walls. 
Drive-Fan Syatem 
The tunne l  has a f i x e d  geometry dr ive-fan system which c o n e i s t s  o f  7 pre- 
r o t a t i o n  vanes and a 12-bladed fan  followed by 1 5  a n t i - s w i r l  vanes. The 
photogrnph presented a s  f i g u r e  7 i s  a view looking upstream at t h e  fan  and 
shows t h e  s e c t i o n  of t h e  tunne l  j u s t  downetream ~f t h e  fan-sect ion which 
c:ontaino t h e  nacc l l  e.  The hollow n a c e l l e  was c s e t  from 6061-TC alurr~inum e.lloy 
and then machined o n  the o u t s i d e  t o  provide an a e r o d y ~ ~ a m i c a l l y  smooth s u r f a c e .  
The d r i v e  fan 1 1 ;  powered by a 2.3 MW (300C hp)  water-cooled fiynchroncue 
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notor  v i t h  variable-frequency opeed c o n t r o l .  The motor, which i s  e x t e r n a l  t o  
t h e  tunnel ,  i s  capable  of o p t r a t i n g  a t  speeds from 600 rpm t o  s l i g h t l y  l e e 8  the ,  
730C rpm. However, a t  p r e s e n t ,  opera t ion  of t h e  fan/motor system i s  r e s t r i c c c d  
t o  speeds beiow 6260 rpm due t o  t h e  e x c i e t i o n  of resonance i n  t h e  d r i v e  s h a f t  
between t h e  motcr and t h e  fan  a t  t h i s  speed. 
Return-Leg Diffueer  and Turning Vanes 
The re tu rn- leg  d i f f u s e r  s e c t i o n  18 shown i n  t h e  photograph presented a s  
f i~? l r+-  0 .  Shown i n  t h i s  photocraph a r e  two of t h e  l i q x i d  n i t rogen  i n j e c t i o n  
sprRy b a r s  and two of t h e  p o r t s  used fo r  i l l u m i n a t i n g  =d viewing t h e  spray 
bers .  A s  can be seen,  '10 atLempt was made t o  f a i r  t h e  sprsy b a r s  t o  reduce 
1 t h e i r  drag.  Also shown i n  f i g u r e  8 i s  t h e  t u n n e l  s e c t i o n  con ta in ing  t h e  j r d  
and 4 th  corners .  The turning-vane Sesign shown here  is  t y p i c a l  of a l l  four 
corners  which 'lave t h e  same 15-vane a r i t h m e t i c  ~ r o g r e s e i o n  spacing des ign  which 
has been used s u c c e s s ~ u l l y  i n  the  8 f t  x 8 f t  Supersonic Tunnel a t  the  Royal 
A i r c r a f t  Establishment,  Bedf.,rd, and which i s  t o  be u s ~ d  i n  t h e  5 meter Low 
Speed Tunnel now under cons t ruc t ion  a t  RAE, Farnbormgh. 
Screen Sect ion 
'I'he s c r e m  s e c t i o n  is  shown i n  t h e  photograph presented a8 figure 9. The 
screen dcsign requirement wee t o  provide a t u r i u l e n c e  level. i n  f h c  t e s t  s e c t i o n  
of 0 . :  percent .  Each of t h e  thisee sc reens  i s  made from 0.0165 cm (0.0065 i n . )  
d i m e t e r  monel wire woven w i t k  pproxirnately 16 openings per centimeter (40 
openirics per inch) .  Also ehown i n  f igure 9 i s  t h e  temperature survey r ig .  Thir 
rif! is  located upstretun of t he  screens and comprises e ight  arms and a center- 
support r ing  which a r e  aerodynamically f a i r e d  t o  reduce t h e  p o s s i b i l i t y  of t h e  
wake from t h e  r i g  adversely a f f ec t ing  the  flow qua l i t y  i n  t h e  t e s t  sect ion.  
(The thermocouple elements were covered with t ape  when t h e  photograph was 
teken. ) 
Contraction Section 
The contraction sec t ion  ~f  t h e  t ransonic tunnel. has a  12  t 3  1 contract ion 
r a t i o .  The contract ion sec t ion  was designed with a  smooth d i e t r ibu t ion  of wall  
curvature v i t h  low curvature a t  both the  entrance and e x i t  regions i n  order t o  
avoid, i f  possible ,  boundary l ~ y e r  separat ion i n  these  two c r i t i c a l  regions. 
In  consideration of good l a t e r a l  ve loc i ty  d i s t r i bu t ion ,  t h e  tes t - sec t ion  end of 
t he  contract ion sec t ion  was f a v ~ r e d  i n  t h e  design t o  provide su f f i c i en t  length  
f o r  very low curvature i n  t h i s  region. The contract ion sec t ion ,  shorn during 
construction i n  t h e  photograph presented a s  f igure  10,  is  designed ro t h a t  t h e  
t r s n s i t i c n  from t h e  c i r c u l a r  cross-section a t  t h e  downstream end of t he  screens 
t o  the octogonal cross-section of t he  up-etream end of t h e  t e s t  sec t ion  follows 
exact ly t he  prescribed longi tudinal  va r i a t i on  i n  cross-sect ional  area.  Also, 
the  design i n  such t h a t  t h e  streamlines near t h e  walls  c ross  only one weld i n  
t he  c r i t i c a l  high ve loc i ty  region. The circumferent ial  weld was hand f inished 
so t h a t  t he  e n t i r e  inner surface of t he  contract ion sec t ion  i s  aerodynmical ly 
smooth. The va r i a t i on  of contract ion sec t ion  a rea  with longi tudine l  s t a t i o n  i s  
give11 i n  t ab l e  I. 
Tes t  Sec t ion  
The s lo t t ed-wal l  octagonal  t e s t  s e c t i o n  i s  34.32 cm (13.511 i n .  ) a c r o s s  
f l a t s  and 85.73 cm (33.75 i n . )  long.  The e n t i r e  test s e c t i o n ,  including t h e  
l o n g i t u d i n a l  v a r i a t i o n  of open a r e a ,  i s  modeled a f t e r  t h e  t e s t  s e c t i o n  evolved 
f o r  t h e  Langley 16-Foot Transonic Tunnel be fore  t h a t  tunne l  was equipped w i t h  a  
plenum air  removal system. Prov i s ion  is  made f o r  changing t h e  s l o t  conf igura t ion  
and a d j u s t i n g  t h e  w a l l  divergence over  a range from zero t o  30 minutes of a r c .  
Adjustable  re-entry  f l a p s  a t  t h e  downstream ecd of t h e  s l o t s  a l low c o n t r o l  over  
t h e  amount o f  d i f f u s e r  suc t ion .  Some d e t a i l s  o f  t e s t - s e c t i o n  des ign and t h e  
i n i t i a l  geometrical s e t t i n g s  a r e  shown on f i g u r e s  11, 1 2 ,  and 1 3  and i n  t a b l e  11. 
A photograph of t h e  t c s t - s e c t i o n  i s  presented i n  f i g w e  1 4 .  With t h e  i n i t i a l  
t e s t - s e c t i o n  conf igura t ion  t h e  maximum t e s t - s e c t i o n  Mach number i s  1.06. I n  
order  t o  o p e r a t e  above M m =  1.06,  t h e  t u n n e l  must be operated a t  p r e s s u r e s  suf-  
f i c i e n t l y  high t o  a l low gas t o  be exhausted from t h e  plenum. This  i s  achieved 
by pass ing gas  from t h e  plenum chamber through pressure  r e g u l a t m g  va lves  
d i r e c t l y  t o  t h e  atmosphere. Under t h e s e  cond i t ions ,  t e s t - s e c t i o n  Mach numbers 
up to ribout 1 . 3  can be obtained.  
Liquid Aitrogen System 
A schematic drawing o f  t h e  l i q u i d  n i t r o g e n  system i s  shown i n  f i g u r e  15.  
Liquid n i t rogen  i s  s to red  a t  atmospheric p r e s s u r e  i n  two vacuum i n s u l a t e d  t anks  
h a v i n ~  R t o t a l  c a p a c i t y  of aboat 30,000 l i t e r s  (8,000 U.S. g a l l o n s  ). When t h e  
tunnel  i s  being cpere ted  at  l e s s  t h a n  about 2.5 atmospheres a b s o l u t e  p r e s s u r e  
t h e  l i q u i d  can be supp l ied  t o  t h e  t u n n e l  simply by p r e s s u r i z i n g  t h e  supply t a n k  
wi th  t h e  p r e s s u r i z i n g  c o i l  shown i n  f i g u r e  15. The l i q u i d  n i t rogen  pump must 
be used whenever the  tunnel i s  operated a t  high pressures.  When t h e  pump i s  
used,  t he  supply tank i s  pressurized t o  about 1.7 atmospheres absolute  pressure 
i n  order t o  maintain s u f f i c i e n t  net  pos i t i ve  suct ion head a t  t he  pump i n l e t  t o  
prevent cavi ta t ion .  The pump has a  capaci ty of about 500 l i t e r s  per  minute 
(150 U.S. gal lons per  minute) with a del ivery pressure of 9.3 atmospheres abso- 
l u t e ,  and i s  driven by a  22.4 kW (30 hp) constant-speed e l e c t r i c  motor. 
When t h e  pump i s  used, t he  l i q u i d  ni t rogen supply pressure i s  s e t  and held 
constant by the  pressure cont ro l  valve, shown i n  f igure  15 ,  which regula tes  the  
amount of l i q u i d  returned t o  t h e  s torage tank through t h e  pressure-control 
re turn  l i n e .  
The flow r a t e  of l i q u i d  ni t rogen i n t o  t h e  tunnel  c i r c u i t  i s  regulated by 
pneumatically operated cont ro l  valves located outs ide t h e  tunnel  a t  each of t he  
th ree  in j ec t ion  s t a t i ons .  These valves,  which may be used e i t h e r  s ing ly  o r  i n  
combination, can be control led e i t h e r  manually o r  automatically.  A helium 
f i l l e d  constant-volume bulb thermometer located i n  t h e  s e t t l i n g  chamber serves 
as  the  temperature sensing element when t h e  valves a r e  keing cont ro i led  
automatically . 
Since t h e  t ransonic tunnel  operatea over wide ranges of pressure and Mach 
number it i s  necessary t o  allow f o r  a  wide range of l i q u i d  ni t rogen flow r a t e .  
This i s  accomplished by designing t h e  spray bar  at each of t h e  in j ec t ion  
s t a t i o n s  t o  cover a l imited range of flow r a t e s  by t h e  proper s e l ec t ion  of m e  
number a s  well  a s  the  s l z e  of t h e  nozzles used on each spray bar .  6y operat ing 
varicus combinations of t h e  th ree  spray bars  m d  by changing t h e  l i q u i d  n i t ro-  
gen supply pressure,  l i q u i d  ni t rogen flow r a t e s  from 1 t c  400 l i t e r s  per  minute 
(0.25 t o  107 U.S.  l i qu id  gal lons per minute) &re  rea l ized .  
Or ig ina l ly ,  t en  nozzles havlng small o r i f i c e  diameters were used on each 
o f  thr! nprriy bars ut; i n j ec t ion  s t a t i o n s  2 and 3 shown i n  f i gu re  15. These 
nozzles were prone t o  become blocked with foreign matter inadvertent ly (but  
perhaps inev i t ab ly )  l e f t  i n  t h e  l i q u i d  nitrogen supply system. The twenty 
o r ig ina l  nozzles were replaced with e ight  nozzles having l a r g e r  o r i f i c e  
diameters. 
The two types of nozzles cu r r en t ly  i n  use a r e  shown i n  figUre 16. Both 
types a r e  commercial nozzles designed t o  give a  full-cone spray p a t t e r n  and 
f i n e  spray p a r t i c l e s  over a wide range of sprsying pressure.  Sketches i n  
f igure 17 show the  type and number of nozzles cur ren t ly  used a t  each of t he  
in jec t ion  s t a t i o n s .  The flow capaci ty a s  a  function of t h e  d i f f r r e n t i a l  pres- 
cure across the nozzle is  a l s o  taSulated on f igure  17. 
In i t s  present configuration, t h e  liquid nitrogen system has two p r inc ipa l  
def ic ienc ies .  The f i r s t  of these  i s  t k e  r a the r  lengthy time required t o  cool 
t h e  LN supply pipes.  The minimum time required t o  cool t h e  pipe between t h e  2 
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LN, pump end t h e  i n j ec t ion  s t a t i o n s  is  determined by t h e  r a t e  a t  which t h e  gas 
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generated during t h e  cooldown process can be vented t o  t h e  atmosphere through 
t h e  tunnel  exhaclet system without damage t o  t a rb ine  flow meters located i n  t h e  
l i q u i d  ni t rogen supply pipes a t  each in j ec t ion  s t a t i o n .  The minimum supply 
pipe cooldown t i n e  with t h e  present system i s  about 30 minutes. A r ec i r cu l a t -  
ing loop supply system would g rea t ly  reduce t h i s  cooldown t ime and a l s o  s implify 
the  cont ro l  of l i qu id  ni t rogen flow r a t e  by el iminat ing boi l ing  i n  t h e  pipe 
during tunnel operation which i s  a l s o  a  problem with t h e  present system a t  very 
low flow r a t e s .  
The second deficiency a r i s e s  from t h e  f a c t  t h a t  a  completely pneumatic 
cont ro l  system i s  used with t h e  flow-rate cont ro l  valves. Automatic cont ro l  of 
flow ra te  and hence t .mnel  opereting temperature i s  possible  f o r  only a very 
l i m i t e d  range of cond i t ions  due t o  t h e  very long response time of t.he pneumatic 
system. 
Nitrogen Exhaust Systein 
The system f o r  exhaust ing gaseous n i t rogen  from t h e  t u n n e l  i s  shown sche- 
m a t i c a l l y  i n  f i g u r e  15.  Tunnel t o t a l  p ressure  i s  a d j u s t e d  by means of pneumat- 
i c a l l y  operated c o n t r o l  va lves  i n  exhaust  p ipes  l ead ing  t o  t h e  atmosphere from 
t h e  low-speed s e c t i o n  of t h e  tunne l .  I n  o rder  t o  minimize flow d i s tu rbance  
t h e  exhaust  p ipes  a r e  taken from t h e  low-speed s e c t i o n  a t  120' i n t e r v a l s  Just 
ahead of t h e  3rd s e t  of t u r n i n g  vanes.  The va lves  may be used e i t h e r  s i n g l y  o r  
i n  combination i n  order  t o  provide l'ine c o n t r o l  over a wide range o f  exhaust  
flow r a t e s .  A t o t a l  p ressure  probe l o c a t e d  downstream of t h e  sc reens  provides 
t h e  re fe rence  p ressure  measurement when tunne l  p r e s s u r e  i s  being c o n t r o l l e d  
automat i c a l  l y  . 
A s  o r i g i n a l l y  designed, t h e  n i t rogen  exhaust  from t h e  t u n n e l  vented di rect - .  
l y  t o  t h e  atmosphere through p ipes  c a r r i e d  through t h e  roof of t h e  b u i l d i n g  
housing t h e  tunne l .  A severe  fogging problem e x i s t e d  wi th  t h i s  o r i g i n a l  design 
dur ing per iods  o f  high humidity and low wind speed. On s e v e r a l  occasions  it 
was necessary t o  suspenL opera t ions  u n t i l  t h e r e  was a favorab le  change i n  t h e  
weather.  A simple and completely e f f e c t i v e  s o l u t i o n  t o  t h i s  problem has  been 
found and c o r ~ s i s t s  of an exhaust  d r i v e n  e j e c t o r  as shown i n  t h e  ske tch  i n  
f i g u r e  18. The low p r e s s u r e  e j e c t o r  induces ambient air which d i l u t e s  and 
warms t h e  cold  n i t r o g e n  exhaust  gas .  The r e s u l t i n g  foggy mixture  i s  p rope l led  
high i n t o  t h e  air and d i s s i p a t e s  completely. No measurements have y e t  been 
made t o  determine t h e  r a t i o  o f  induced ambient a i r  t o  exhaust  n i t rogen  gas .  
However, this simple exhaust ejector, which has an area ratio of about 5:1, 
induces sufficient ambient air and discharges the mixture so effectively that it 
has completely eliminated the fogging problem even under the moat adverse 
weather conditions. 
As noted in a preceding section, in order to operate above Ma = 1.06, the 
tunnel must be operated at pressures sufficiently high to allow gas to be 
exhausted from the plenum chamber to the atmosphere. Manua:.ly-controlled pneu- 
matically-actuated valves in three pipes leading to the atmosphere from the 
plenum allow approximately one per-ent of the mass flow entering the test 
section to be exhausted when operating at M, = 1 or greater. By using this 
methsd, test-section Mach numbers up to about 1.3 can be obtained. The plenum 
exhaust ?ipes lead from the plenum at 120' intervals through the upstream' 
plenum wall. The control valves may be used either singly or in combination. 
Instrumentat ion 
In addition to special instrumentation required for test-section calibre- 
tion and special aerodynamic tests, the tunnel is instrumented to measure 
temperatures and pressures around the circuit, dew point (or frost point ) of 
the test gas, oxygen content of the test gas, pressure of the LN supply, 2 LN2 
flow rate, mass flow rate of the gas exhausting from the stilling section and 
the plenum chambe:, changes in tunnel linear dimension with temperature, fan 
speed, and torque at the drive motor shaft. 
OPERATING PROCEDURE 
Many of t he  operating procedurte developed f o r  t h e  low-speed cryogenic 
tunnel described i n  references 3 and 4 a r e  being ~ s e d  with the  t ransonic  tunnel .  
However, s ince  t h e  t ransonic tunnel  was designed and b u i l t  purposely f o r  cryo- 
genic operat ion,  t he  de t a i l ed  procedures used f o r  purging, cooldown, and run- 
ning d i f f e r  from those developed f o r  t h e  low-speed tunnel .  A descr ip t ion  of 
the  operating procedures cur ren t ly  being used with t h e  t ransonic tunnel  i s  given 
i n  t he  sec t ionzwhich  follow. 
Purging 
Any moisture i n  t he  tunnel c i r c u i t  i s  removed by purging with ni t rogen gas. 
With the  present l i qu id  nitrogen supply system, su f f i c i en t  purging gas i e  
generated during the  cooldown of t h e  supply pipes.  The gas is  in jec ted  i n t o  
t h e  tunnel  c i r c u i t  through the  liquid-nitrogen in j ec t ion  nozzles. During the  
pre-run purge, the tunnel fan is  used t o  maintain c i r cu l a t ion  and provide 
s u f f i c i e n t  heat t o  maintain the  stream and wall  temperatures above t h e  dew (or  
f r o s t )  point  of t h e  ens i n  t he  tunnel.  The nitrogen exhaust system valves a t  
t h e  t h i r d  turning vanes a r e  used t o  keep t h e  tunnel  a t  about 1 .2 atmospheres 
absolute  pressure during t h e  pre-run purge. A t  t he  end of t h e  30 minute period 
required t o  cool  t he  l i q u i d  ni t rogen supply pipes and ge t  l i q u i d  ni t rogen t o  
the in j ec t ion  nozzles,  the  dew point i s  usual ly very c lose  t o  t he  lower l i m i t  
of measurement of t he  dew-point monitoring system. This l i m i t  i s  about 200 K 
( - 8 0 ' ~ ) .  Cooldown of t he  tunnel then commences. 
Cooldown 
Following the  pre-run purging process,  t h e  etream and tunnel  a r e  cooled t o  
t he  desired operating temperature by in j ec t ing  l i q u i d  ni t rogen i n t o  t h e  tunnel  
a t  t h e  r a t e  of a'oout 75 l i t e r s  per minute (about 20 UeS. gal lons per minute) 
using in j ec t ion  s t a t i o n  number 3 shown OF. f igure  15. The t o t a l  pressure 3f t h e  
gas i n  t h e  s e t t l i n g  chamber i s  held near 1.2 a t ~ o s p h a r e s  absolute  and t h e  d.-ive 
fan i s  operated a t  a constant speed of about 700 rpm during t h e  cooldown process. 
This low speed provides t he  necessary c i r cu l a t ion  i n  t h e  tunnel  during t h e  
cooldown process without adding a s ign i f i can t  amount of heat  t o  t h e  stream. 
Under these  condit ions,  cooling t h e  tunnel  and the  stream from 300 K ( ~ o O F )  t o  
13.0 K (-262'~) requi res ,  on average, 2450 l i t e r s  (650 U.S. g.rllons) of LN2 and 
takes about 30 minutes. 
The required LN flow r a t e  a s  a funct ion of cooldown time f o r  cooling from 2 
300 K t o  110 K is shown on f igure 19 f o r  extremes i n  cooldown ef f ic iency .  Theee 
curves were ca lcu la ted  using the  method of reference 8. Also shown on f igu re  19 
is  t h e  experimental da t a  quoted above which ind ica tes  t h a t  a 30 minute cooldown 
time i s  of average e f f ic iency .  Since, i n  general,  slower cooldown r a t e e  a r e  
probably more e f f i c i e n t ,  increasing t h e  cooldown time should tend t o  reduce t h e  
LN2 requirement toward t h e  lower value of 1725 l i t e r s  which was used fo r  t h e  
lower curve on f igu re  19. 
Running 
Following cooldown of t h e  stream and tunnel  t o  t h e  des i red  operat ing tem- 
pera ture ,  t e s t  Mach number i s  s e t  by adjustment of fan speed. The s e t t i n g  of 
Mach number i s  made while t h e  tunnel  i s  near 1 .2  atmospheres absolute  pressure.  
A small computer automatically provides t h e  operators  with a c m t i n u a l l y  up- 
dated display of Mach number based on t h e  r a t i o  of t o t a l  pressure measured 
downstream of t h e  screens t a  s t a t i c  pressure measured i n  t h e  plenum. Once Mech 
number i s  s e t ,  t he  desired operating t o t a l  pressure i s  obtained by adjustment 
of nitrogen-exhauet cont ro l  valves.  While adjust ing t o t a l  pressure,  t he  l i q u i d  
nitrogen flow r a t e  must a l s o  be adjusted t o  hold t o t a l  temperature constant  
s ince the  heat added by the  fan i s  changing i n  d i r e c t  proportion t o  pressure.  
Because of t h e  in t e rac t ion  between t h e  var iab les  of fan speed, pressure,  and 
LN flow r a t e ,  and inadequacies i n  t h e  automatic cont ro l  systems, t h e  tunnel  2 
cont ro ls  a r e  operated i n  a manual mode while s e t t i n g  t h e  desired tunnel  condi- 
t i ons .  This procedure takes b~ tween  2 and lu minutes with va r i a t i on  of operat- 
irhg pressure betveen 1 .2  and , :...lospheres absolute  pressure.  For t h e  i n i t i a l  
operation of t h i s  p i l o t  cryogenic tunnel,  t he re  has been no e f f o r t  made t o  
improve on t h e  performmce of t he  cont ro l  system. improvements i n  t h e  automatic 
cont ro l  systems could undoubtedly be made which would reduce the  time required 
t o  obtain t h e  desired tunnel  conditions.  
The heat t o  be removed while running ~t constant t e s t  conditions cons i s t s  
of t he  heat conduction through t h e  tunnel  walls and the  heat energy added t o  
the tunnel c i r c u i t  by the  d r ive  fan. The running LN rea1,:rement has been 2 
calculated a s  a function of Mach number f o r  t h e  two extremes of t o t a l  pressure 
fo r  ambient and cryogenic operation. In  ca lcu la t ing  t h e  heat conducted. through 
the  tunnel walls it was assumed t h a t  t he  inner surface of t h e  tunnel was a t  u 
temperature equal t o  t he  s tagnat ion temperature, T,, t h a t  t h e r e  wee zero 
tempesatcre gradient  through the  metal pressure s h e l l ,  and t h a t  t h e  outs ide  
surface temperature of t h e  in su la t ioc  was a t  300 K ( 8 0 ' ~ ) .  The port ion of t h e  
main-drive fan power added t o  t h e  stream as  heat i s  assumed t o  be 
Power t o  stream = qVAo 
where q = free-stream dynamic pressure 
V = free-stream ve loc i ty  
A = t es t - sec t ion  area 
and n = tunnel  power f ac to r  
The tunnel power f ac to r ,  n ,  was based on values measured i n  severa l  l a rge  
t ransonic tunnels  a t  the  Lungley Research Center. q was assumed t o  vary only 
with Mach number. The values of n which were used f o r  these  ca lcu la t ions  a r e  
a s  follows: 
The estimated LN requirements a r e  shown on f igure  20. It i s  i n t e r e s t ing  t o  2 
note t h a t  a t  a given pressure t h e  required nitrogen flow r a t e  i s  not a s t rong 
function of temperature. This a r i s e s  from t h e  f a c t  t h a t  while t h e  power re- 
quired t o  dr ive  the  tunnel decreases with decreasing temperatwe,  t h e  cooling 
capacity of t he  l i qu id  ni t rogen a l s o  decreases with decreasing temperature. 
Also shown a r e  severa l  measured values of LN2 flow made during preliminary 
operation of t he  tunnel.  Due t o  f a u l t s  with the  LN supply system and flow- 2 
r a t e  meters, there  i a  considerable s c a t t e r  i n  t he  experimental data .  However, 
t he re  is  general agreement between the  estimated and lneasured flow ra t e s .  
Warmup and Re-oxygenat ion 
Following cryogenic operat ion,  t h e  tunnel i s  warmed, depressurized, and 
ca l l  brrition informritiori but with pa r t i cu l a r  emphasic being placed on ident i fy ing  
any problems re la ted  e i t h e r  t o  t he  method of cooling o r  t o  t h e  wide range of 
operating temperature. The second type of experimental da t a  i s  primarily aimed 
a t  determining t h e  v a l i d i t y  and t h e  p r a c t i c a l i t y  of t he  cryogenic ccncept i n  
compressible flcw, 
Some of t h e  r e s u l t s  obtained during the  i n i t i a l  operation of t h e  tunnel  
have been reported i n  references 5 and 6. Some of t he  r e s u l t s  reported i n  
references 5 and 6 along with addi t iona l  r e s u l t s  of t he  preliminary tunnel  
ca l ib ra t ion  a r e  given i n  t h e  aect ions which r o l l  w .  
Test-Section Mach Number X s t r i b u t i o n  
The tes t - sec t ion  Mach number d i s t r i b u t i o n  has been determined over a wide 
range of t e s t  conditions.  S t a t i c  pressure o r i r i c e s  located along t h e  tunnel  
wal l  and along a tunnel  cen te r l i ne  probe were used t o  determine t h e  s t a t i c  
pressure d i s t r i bu t ion .  A p i t o t  tuhe located downstxam of t h e  screens is used 
t o  measure s tagnat ion pressure.  As noted i n  reference 4, f o r  s tagnat ion pres- 
sures  up t o  about 5 atmospheres t h e  i sen t ropic  expansion r e l a t i o n s  ca lcu la ted  
from the  real-gas propert ies  of nitrogen d i f f e r  by no more than about 0.4 
percent (depending on t e s t  condi t ions)  from t h e  correaponding r e l a t i o n s  calcu- 
l a t ed  from i d e a l  diatomic gas proper t ies  and idea l  gas equations. However, 
s ince the  pressure measuring irx=.trumentetion be?ng used i s  capable of reeolving 
such d i f fe rences ,  the  appropriate  reel-gas r e i a t i o n  i s  used t o  determine Mach 
number from the  s tagnat ion t o  s t a t i c  pressure r a t i o .  The nominal tea t - sec t ion  
Mach number i s  ca lcu la ted  from t h e  r a t i o  of s tagnat ion pressure measured 
j u s t  downstream of t h e  screens t o  s t a t i c  pressure measured i n  t h e  plenum chamber, 
The initid calibration of the tunnel indicate8 nearly identical tunnel 
WPIJ ! ~ n d  tunnel centerline Mach number diotributions for all test conditions. 
In ar!dition, there are no detectable differences between Mach number dietribu- 
tions at ambient and cryogenic temperatures. An example of the tunnel wall and 
tunnel centerline Mach number distribution l o  ehom in figure 22. Ervnplee of 
the wall Mach n~mber distribution over a range of Yach numbers is shown in 
figure 23. Since the purpose of these tests was only tc validate the cryogenic 
concept, no attempt has yet been made to improve the distributions by changes 
to slot ge~metry, wall diverge~lce, or re-entry flap position. 
Transverse Temperature Distribution 
Since the heat of compression of the fan is removed by spraying liquid 
nitrogen directly into the tunnel circuit, there was some concern about the 
uniforn~ity of the resulticg temperature dintributlon, particularly at the power 
levels required for transonic testing where the mass flow rate of liquid 
nitro~en is in the order of one percent of the test section mass flow rate. 
Therefore, it was decided to measure the transverse temperature distribution 
in the tunnel over a wide rance of operating conditions in order to determine 
if there were any problems of uniformity of temperature distribution related to 
the method of cooling. 
The temperaturs survey rig previously described ~ n d  shown in t9e photo- 
graph prevented as figure 9 was used to determine the transverse temperature 
distribution Just ahead of the screens, Six examples of the transverse temper- 
ature distribution are ehown in figure 24. These distributions, all obtained 
at a test-section free-stream Mach number of 0.85, are typical of the data 
which have been obtained over t he  e n t i r e  tunnel  operat ing envelope. With each 
d i s t r i bu t ion  i s  shown t,he mean value (ar i thmetic  average) of temperature qt and 
standard deviat ion (measure of dispersion around t h e  mean) a. A s  can be seen, 
there  i s  a  r e l a t i v e l y  uniform temperature d i s t r i b u t i o n  even a t  cryogenic temper- 
a tures  where the  tunnel  i s  being operate? within a  few degreet7, of the  t e a t -  
sect ion free-stream sa tura t ion  conditions.  It 16  expected t h a t  t he  screens and 
contract ion sec t ion  have a b e r e f i c i a l  e f f ec t  or: t emp~ru tu re  d i s t r i bu t ion  such 
t h a t  t h e  d i s t r i b u t i o n  i n  t he  t e s t  s ec t io r  i s  ever! more uniform than t h e  d i s t r i -  
bution measured upstream of t he  screens. 
Drive Power and Fan Speed 
During t h e  i n i t i a l  ca l ib ra t ion  and aerodynamic t e s t i n g ,  measurements were 
t o  be made of both the  drive-shaft  torque and speed i n  order  t o  allow compari- 
sons t o  be made between predicted and measured values of dr ive  power and fan 
speed w i t h  temperature, pressure,  and Mach number. Problems with the  torque 
measurements (unrelated t o  cryogenic operat ion)  preclude f o r  t h e  present any 
accurate determination of d r ive  power. However, based on powcr aupplicd t o  t h e  
dr ive  motor, it  appears t h a t  the d r ive  power va r i e s  roughly a s  predicted by 
theory, namely, f o r  constant presaure and Mach number, power va r i e s  d i r e c t l y  
0.5 with the speed of sound, t h a t  i s ,  a s  T . 
Sat i s fac tory  measurements were made of fan speed. On f igure  25 i s  shown 
t h e  theo re t i ca l  va r i a t i on  of fan speed with temperature together  with experi-  
mental values obtained a t  a  tes t - sec t ion  free-stream Mach nunber of p , C 5  and a t  
s tagnat ion pressures  of about 4.95 atmospheres. The Reynolds number i n  t h e  
6 6 t e s t  sec t ion  varied from about 62x10 per meter (19x10 per f o o t :  a t  t h e  
6 6 highest s tagnat ion temperature, 326.7 K, t o  327x10 per meter (99xlC per  f o o t )  
2 5 
L .  I O W  i t  . K ,  AIJ c ~ r i  be o w n ,  t t ~ c b  frin speed a c t u a l l y  
t iccSr~~ri:~r?n somewh?.t I'ri::t,cr with decreas ing  temperature  than p red ic ted  by t h e  
simple theory (speed T''~), thus  i n d i c a t i n g  perhaps a b e n e f i c i a l  e f f t \ t  o f  
t h e  g r e a t l y  increased Reynolds number on tunne l  o r  f z n  e f f i c i e n c i e s  a t  t h e  
lower opera t ing  temperatures .  
I n  an a t tempt  t o  determine i f  t h e  f a s t e r  t h n  p red ic ted  decrease  i n  f a n  
speed was h d e e d  due t o  an inc rease  i n  Feynolds number, a f id i t iona l  f a n  .dee2 
d a t a  obta ined a t  va r ious  Mach numbers was ? l o t t e d  ar, shown on f igWe 26. Thie 
f i j i u r ~  covers only t h e  i i m i t e d  cryogenic temperature range over  which t h e s e  
pnrt,lc*ular t e s t s  were made. The fan  speed a t  cryogenic temperature  was 
referenced t o  t h e  corresponding fan speed a t  ambirnt tempcraturc f o r  eacn Mach 
number. A l l  of  :he ambient temperature  f ~ n  spec: d a t a  was obta ined a t  ~ t a g n a -  
t i o n  p ressures  near 4.95 atmospheres. Two s e t s  of d a t a  a r e  shown a t  cryogenic 
t c a p e r a t u r e s .  The f a n  speeds a t  cryogenic t e n p e r a t u r e s  used t o  c a l c u l a t e  t h e  
d a t a  shown by t h e  f lagged symbolti were obta ined a t  s t a g n a t i o ~  p ressures  near  1 .2  
atmospheres. The flagged symbols t h e r e f o r e  represen t  n e a r l y  cons tan t  Beynolds 
number between t h e  ambient and cryogenic temperatll-e cond i t ions .  TLe f a n  speed6 
at cryoeenic temperatures  used t o  ca1,cuiate t h e  d a t a  shorn bJr t h e  unflagged 
~ymbols  were ob ta iccd  a t  s t a g n a t i o n  p ressures  near  L .95 ~ t m s p h e r e s .  These 
d a t a ,  t h e r e f o r e ,  r e p r e s e n t  a four fo ld  i n c r e a s e  i n  Reynolds number between 
atmbient and cryogenic temperature cond i t ions .  
As can be seen from t h e  d a t a ,  t h e  r e l a t i v e  f a n  speed f o r  t h e  cons tan t  
Reynolds number cond i t ions  g e n e r a l l y  decreases  wi th  t e m p e r a t w e  s l i g h t l y  l e s s  
than p red ic ted  by theory.  However, t h e  r e l a t i v e  f a n  speed f o r  t h e  inc reased  
Reynolds numter cond i t ions  decreases  s l i g h t l y  f a s t e r  than  p r e d i c t c  1 by theory .  
Therefore ,  t h e  f a s t e r  decreaee i n  fan  speed wi th  decreas ing  temperature  shown 
on f igure  25 does i n  f a c t  represent a t r u e  Reynolds number e f f e c t ,  ind ica t ing  
perhaps both improved fan performance and reduced skin f r i c t i o n  around t h e  
tunnel c i r z u i t  w i t h  increasing Reynolds nw3er .  
The da ta  of f i gu re  26 ind ica tes  t h a t  f o r  constant Reynolds number condit ions,  
fan speed i n  t h i s  pa r t i cu l s r  t m n e l  va r i e s  approximately a s  T 0°La7. For t h e  
constant pressure condition, where Reynolds number i s  increasing a s  temyerature 
i s  reduced, fa11 speed va r i e s  appox ina t e ly  a s  T 0.543 
'Pest-Section Noise Measurements 
The background ~ o i s e  i n  the  t e s t  sec t ion  i s  of concern s ince excessive 
noise leve ls  can prevent t h e  proper simulation 3f t he  unsteady aerodynamic 
parameters usual ly of i n t e r e s t  ia dynamic t e s t s ,  and i n  addi t ion ,  may a f f e c t  
ce r t a in  s t a t i c  o r  steady-etate parameters being measured. Because of t h e  l a rge  
reduction i n  both dr ive  power and pressure a s  temperature i s  reduced, it was 
expected t h a t  background noise would be reduced when a given Reynolds number 
was obtained a t  cryogenic temperatures r a the r  than a t  ambient temperature. 
Therefore noise measurements have been made i n  t h e  t e s t  sec t ion  over a range 
of Lest conditions i n  order t o  determine t h e  e f f e c t  of cryogenic operat ion on 
noise. 
The tes t-sect ion noise l eve l s  a r e  presented i n  terms of t h e  broadband 
(10 IIz t c  20 kHz) sound pressure l eve l ,  L with t h e  reference pressure taken t o  
F ' 
? be 20 pN/m . The measurements were made during t h e  t e s t i n g  of a two-d-mension- 
a1 a i r f o i l  a t  3' incidence and Mm = 0.80 by a microphone which was mounted f lu sh  
with the  inner surface of t h e  t e s t  sec t ion  wall  j u s t  above t h e  a i r f o i l .  The 
noise l eve l s  a r e  not s t r i c t l y  background noise because of t h e  presence of t h e  
a i r f o i l .  The da ta ,  therefore ,  ehould not be used a s  an ind ica t ion  of t h e  
minimum background noise i n  t h e  t e a t  sec t ion  but r a t h e r  6hould be ueed (Jmpara- 
t i v e l y  t o  ind ica te  t he  general e f f e c t  of cryogenic operat ion on noiee l eve l .  
The sound pressure l e v e l  da ta  a r e  presented i n  f igure  27 as a function of Reynolds 
number per foo t .  Next t o  each p lo t t ed  point  a r e  t he  corresponding values 
of s tagnat ion pressure and temperature. As can be seen, a t  a constant Reynolds 
6 
number of about 1 8  x 1 0  , the  combined e f f e c t  of reducing temperature and pressure 
r e s u l t s  i n  a reduction of t h e  sound pressure l e v e l  by 10 dB from t h e  l e v e l  
measured a t  high pressure and ambient temperature. Data a l s o  was taken a t  a 
nearly constant pressure and shows Reynolds number increased by e i t h e r  r i  f ac to r  
of 3 or 4 .6 ,  depending on t h e  reduction i n  temperature, with only a 1 dB in- 
crease i n  t h e  broadband sound pressure l e v e l .  
Extensive analysis  of t h e  tes t - sec t ion  noise da t a  has not a s  y e t  been made. 
However, based on the  l imited amount of ava i l ab l e  da t a ,  s ign i f i can t  reductions 
i n  noise l e v e l  w i l l  be obtained a t  cryogenic temperature. 
CONCLUSIONS 
Macy of t h e  conclusions of t h e  low-speed t e s t i n g  reported i n  reference3 3 
and 4 were confirmed during t h e  operation and t e s t i n g  i n  t h e  t ransonic tunnel.  
Adeitional conclusions from t h e  t ransonic tunnel  a r e  a s  fol!.ows: 
A t ransonic cryogenic pressure tunnel  i s  simple t c  operate.  
Purging, cooldown, and warmup times a r e  acceptable lnd can be predicted 
with good accuracy. 
Liquid ni t rogen requircrnents f o r  cooldown and running can be predicted 
with good accuracy. 
Cool.ing with l i qu id  ni t rogen i s  pract ical .  a t  t he  power l e v e l s  required 
for transonic testing, Test temperature i s  easi ly cont~o l led  and good 
temperature distribution obtained by using a simple nitrogen injection 
system. 
5 .  Test-section noise level  i s  reduced wher a given Reynolds number i s  
obtained by operating at cryogenic temperatures. 
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TABLE I 
DES l G N  DIMENS IONS OF THE TRANSONIC TUNNEL CONTRACTION SECT1 ON 
Station 0 
Longitudinal 
station 
Area, 
m 2 
Equivalent- 
circle 
radius, 
1 ,  m 
0.610 
.609 
.607 
.603 
.589 
,568 
.541 
.514 
.486 
.459 
.431 
. a 3  
.377 
.351 
I 
Station 2.057 
- 
Longludinal 
station 
X, 
m 
*,, 
m2 
Equivalent - 
circle 
radius, 
r ,  m 
TABLE I I  
TRANSON 
Kl2 = Half width 
I C  TUNNEL TEST-SECTIUN SLOT GEOMETRY 
Cross section at station S 
(See figure .ll for definition of S) 
Stations, K12, 
cm I crn I I Station s.1 K12. I 
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304 Stainless steel 
2024-T4 Aluminum 
Flat gasket 6061-T6 Alum: wum 
a)  Typical small flange joint with f l a t  gasket seal 
b) Typical large flange joint with teflon coated metal "0"-ring seal 
Figure " - Typical flange joints showing details  o f  seals.  
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Side view 
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Figure 13. - Details of r e e n t r y  flap design. 
W = Flap width 
I 
h - - 
't s 
Top view 



In
jec
tio
n s
ta
tio
n 
1 
In
jec
tio
n s
ta
tio
n 
2 
In
jec
tio
n s
ta
tio
n 
3 
I 
I 
+ 
I 
I 
I a
trn
 
1 at
rn
 
I at
rn
 
I at
rn
 
I at
rn
 
I at
rn
 
I at
rn
 I 
atr
n 
I at
rn
 
I 
M
an
uf
ac
tu
re
rs
 
de
sig
na
tio
n 
m
od
el 
nu
m
be
r 
I NmI
e 
I 
'N
oz
zle
s 
1. 
2. 
an
d 3
 w
er
e 
m
an
uf
ac
tu
re
d b
y S
pr
ay
ing
 S
ys
tem
s C
o.. 
W
he
ato
n. 
Ill
.. 
U.S
.A.
 
No
zz
les
 4 
an
d 5
 w
er
e 
m
an
uf
ac
tu
re
d b
y B
ete
 Fo
g N
oz
zle
. I
nc
.. 
Gr
ee
nfi
eld
. M
ass
.. 
U.
S.
k 
Liq
uid
 n
itr
og
en
 flo
w 
ra
te
 
lit
er
 pe
r m
in
ut
e a
t s
tat
ed
 di
ffe
re
nt
ial
 pr
es
su
re
 
0.5
 
1
1
 
1
2
 1
3
 I
4
 1
5
 1
6
 1
7
 1
8
 
Fi
gu
re
 17
.- 
Sk
etc
he
s 
of 
th
e 
th
re
e 
liq
ui
d 
ni
tro
ge
n 
sp
ray
 b
ar
s 
w
ith
 ta
bu
lat
ed
 fl
ow
 c
ap
ac
ity
 fo
r e
ac
h 
typ
e 
no
zz
le.
 
Figure  18. - Tunnel exhaust e jec tor .  
Liquid 
nitrogen 
flow rate, 
flmln. 
20 30 40 50 
Cooldown time , minutes 
Figure 19.- Required liquid nitrogen flow rate as a function of cooldown time for coollncj the transonic 
tunnel  from 300 K to 110 K. 
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Figure 20.- Required l i q u i d  nitrogen flow r a t e  as a function o f  t e s t  Mach nrrmber, 
pressure. and temperature. 
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F igure 21.- Warni-up t ine ,I\ a f u n c t i o n  o f  Mach number and pressure f o r  warning 
the  t r a n s r m ~ c  tunnel frorr 110 K t o  300 Y.  
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Test -sect ion s ta t i on ,  inches 
p t  1.18 atm, Tt = 116.2 K 
pt = 1.20 atm. Tt = 116.7 K 
pt = 1.21 atm. Tt = 318.4 K 
pt = 1.21 atm. Tt = 321.5 K 
pt = 4.72 atin. Tt = 112.6 K 
pt = 1.18 atm. Tt = 322.6 K 
pt = 1.26 a h ,  Tt = 86.7 K 
Model l o c a t l c n  f o r  two- 
dimensional c l r f o i l  t e s t s  
Figure 23.- Examples o f  tes t -sect ion w a l l  Mach number d i s t r i b u t i o n  f o r  several  
values o f  Mach number. 
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F i y ~ ~ r r  24.- fxamyies ol  I ransv~rw Irmp~raturr  distribuliol~ in 1 1 1 ~  transonic cryogenic tunnel. Measurements mad? 
upstr~a~.: nl thc s r r m c .  
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Experimental data,  k, = 0.85 
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Figure 25.- Theoret ical  and measured var ia t ion  of fan speed r e l a t i v e  t o  maximum fan speed 
wi th  stagnation temperature a t  fL - 0.85. 
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